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Abstract Recently, two independent 15N NMR relaxation stud-
ies indicated that in contrast to the decreased ﬂexibility expected
for induced-ﬁt interactions, the backbone ﬂexibility of major uri-
nary protein isoform I (MUP-I) slightly increased upon complex
formation with its natural pheromone 2-sec-butyl-4,5-dihy-
drothiazol. We have investigated the subtle details of molecular
interactions by molecular dynamics simulations in explicit sol-
vent. The calculated order parameters S2 for a free- and li-
gand-bound protein supply evidence that mobility in various
regions of MUP-I can be directly related to small conforma-
tional changes of the free- and complexed protein resulting from
modiﬁcations of the hydrogen bonding network.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction
NMR relaxation measurements of 15N and 13C nuclei supply
a wealth of information about the molecular motions of bio-
logical macromolecules at the atomic level. Our recent studies
indicated that in contrast to the decreased ﬂexibility expected
for induced-ﬁt interactions, the backbone ﬂexibility of major
urinary protein isoform I (MUP-I) slightly increased upon
complex formation with its natural pheromone 2-sec-butyl-
4,5-dihydrothiazol (TZL). This somewhat surprising and unu-
sual observation was conﬁrmed in two independent studies
using the 15N relaxation measurements analyzed by Lipari–
Szabo model-free approach [1] and by reduced spectral density
mapping of data obtained at two magnetic ﬁelds and several
temperatures [2].
The three-dimensional structures of MUPs and their com-
plexes with various ligands were determined both in solution
by NMR [3] and in solid state by single-crystal X-ray diﬀrac-
tion [4–7]. Although the structures are relatively well deﬁned
for the complexes, the high resolution information about a free
protein is still missing since the X-ray structure [6] contains
unidentiﬁed electron density in the binding pocket suggesting
the presence of an interacting molecule and the result of
NMR structure reﬁnement [3] lacks the required resolution.
The ﬂexibility changes therefore cannot be directly linked to
structural variations of a free and bound forms of MUP-I.
In order to shed more light on the results of NMR relaxation
studies and to gain insight into the subtle details of molecular
interactions, we have used molecular dynamics (MD) simula-
tions in explicit solvent to investigate pico- and nano-second
motions in the free and complexed MUP-I directly at the level
of structural model.
2. Materials and methods
MD simulations were performed using AMBER 6.0 software pack-
age with the Parm99 force ﬁeld for the protein molecule and the TIP3P
water model of the solvent. Electrostatic terms were treated using the
particle-mesh Ewald method. The calculations were done at constant
temperature and pressure using the Berendsen algorithm. The starting
coordinates were obtained from the crystal structure of MUP-I –TZL
complex, PDB entry 1I06 [7], which was slightly modiﬁed to be consis-
tent with the protein sequence used in NMR relaxation studies. The
structure of MUP-I without the bound pheromone was obtained by
deleting the ligand coordinates. Spatial conformation and charge dis-
tribution of TZL were optimized using Gaussian 98 on the HF/6-
31G\\ theory level. Prior to main MD runs, starting structures were
subjected to energy minimization and heated from 10 to 300 K. The
molecules were placed in a solvent box, extending 10 A˚ in each direc-
tion from the solute molecule, which contained approximately 11000
explicit water molecules. The length of both simulations (free MUP-I
and MUP-I–TZL complex) was about 30 ns. The coordinates and
velocities were saved every 1 ps. Details of simulation protocols, model
preparations, and relevant references are provided in the Supplemen-
tary Material.
3. Results and discussion
To obtain dynamic information corresponding to the results
of 15N NMR relaxation measurements, correlation functions
for intramolecular motion, and subsequently the order param-
eter S2 of NH bond vectors, were calculated using a standard
procedure [8]. Since current methodology does not allow cor-
rect modeling of the overall diﬀusion, molecular rotation and
translation were removed by a least-square superimposition
of the atomic coordinates with respect to the reference frame
[9]. During the ﬁrst 4 ns, both structures, free and ligand-
bound, changed conformation slightly with respect to the
starting structures (vide infra). The overall fold of both forms,
consisting of eight b-strands (a–h) connected by 7 loops (L1–
L7), one a-helix and three short 310-helical turns (Fig. 1), were
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stable during the simulation. The average RMSD of the back-
bone atoms forming the b-barrel binding cavity were 1.6 and
0.9 A˚ in the free and bound form, respectively. The calculated
order parameters S2 for the backbone N–H vectors of the free
MUP-I, its complex with TZL, and their diﬀerence DS2 as a
function of the residue number are shown in Fig. 2. The rela-
tively high S2 values (0.9) for well structured regions of both
forms of the protein reﬂect relatively rigid behavior of the
MUP-I b-barrel (a–h). Almost identical order parameters ob-
tained for the free and bound forms document that the changes
in rigidity of the binding pocket upon pheromone binding are
only minor. The calculated order parameters in short b-hair-
pins L3, L4, and L7 and in neighboring residues in connected
b-sheets show, however, signiﬁcantly increased mobility in the
complex as compared to the apo form. The data therefore pro-
vide the same motional picture as the 15N NMR relaxation
measurements [2].
The observed changes in the order parameters can be linked
to structural modiﬁcations indicated by the MD simulations.
The TZL behaved dynamically during the simulation. Both
forms showed stabilization of the binding site through a water
mediated hydrogen bond system. In the simulations with the
ligand bound MUP-I, TZL initially interacted with two water
molecules. After 5 ns, two water molecules were accompanied
by one additional H2O, which migrated inside the binding cav-
ity from the solvent. This insertion, and eventual exchange on
a longer time scale, was correlated with the internal rotation of
the ligand molecule within the binding site. Ligand was bound
within the b-barrel cavity through a water mediated hydrogen
bond system between the nitrogen of TZL and the carbonyl
oxygen of residues F 38, L 40 and the phenolic –OH group
of Y120, combined with hydrophobic interactions of L 42, F
56, F 80, A103, L 105, and L 116 with the 2-sec-butyl- part
of the ligand. After the ﬁrst 2.5 ns, the free MUP-I underwent
a small conformation change in the c–d b-strand region of the
barrel, in which two backbone hydrogen bonds were formed
between N35 backbone CO and NH of R60 sidechain and be-
tween N35 sidechain CO and backbone NH of the residue D61
located in the loop L3 (Fig. 3). On the contrary, no hydrogen
bonds in this region were observed in the ligand-bound MUP-
I. This can be explained by a hydrophobic interaction of the
ligand molecule with F 56 in the N terminal part of the c b-
strand. As a result, the bending ability of this strand was re-
duced preventing thus the hydrogen bond formation observed
in the free protein.
During the MD simulation, additional conformational
changes were observed for the ligand-bound MUP-I. In the
starting X-ray structure, the strands g and h of the b-barrel
Fig. 2. S2 order parameters calculated directly from the 20 ns segment (4–24 ns) of 30 ns MD simulations of a free- (A) and TZL-bound MUP-I (B)
and their diﬀerences (C). The helical (red) and b-sheet (blue) regions are color coded and labeled as in Fig. 1.
Fig. 1. Ribbon representation of MUP-I with a pheromone bound
inside the binding site.
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were coupled through the hydrogen bonds between F 86 and E
108 in the strand g and h, respectively. Approximately after
7 ns, sterical interactions of the ligand with residues A 103
and L 105 in the strand g and L 116 in the strand h led to a
disruption of the hydrogen bonds, which did not recover dur-
ing the remaining 23 ns of simulation. In contrast, the F 86–E
108 hydrogen bonds in the free protein remained intact during
the whole 30 ns trajectory calculation.
The simulated and experimental [1,2] backbone order param-
eters of the N–H bond vectors are generally consistent with the
secondary structure of the free- and ligand-boundMUP-I. Sub-
stantially more motion is displayed in the loop regions than in
the b-sheets or helices. Similarly to other MD simulations, the
S2 order parameters in the unstructured regions seems to be
overestimated compared to the NMR data, probably because
of the inadequate sampling of dihedral angle transitions [9].
Nevertheless, the calculated S2 for a free- and ligand-bound
protein supply evidence that mobility changes in various re-
gions of MUP-I can be directly related to small conformational
modiﬁcations of the free- and complexed protein. As a result,
structural changes observed during the 30 ns trajectories of
the free MUP-I and its complex with TZL, and analyzed in
terms of motional parameters, not only support the 15N
NMR relaxation data but also provide structural model for
the observed increase of ﬂexibility upon pheromone binding.
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Appendix A. Supplementary data
Details of simulation protocols, model preparations, and rel-
evant references for the computational procedure. Supplemen-
tary data associated with this article can be found, in the online
version, at doi:10.1016/j.febslet.2005.12.088.
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